ABSTRACT It is understood that in a network with an in-band full-duplex (FD) access point (AP) simultaneously serving multiple half-duplex clients, various kinds of interference may severely degrade the network spectral efficiency (SE). In this paper, we first address the problem of canceling the interclient interference (ICI) from multiple uplink clients to multiple downlink clients in such a scenario. The proposed ICI nulling approach, namely, multiuser ICI cancellation (MU-IC2), enables the AP to actively and completely eliminate the ICI for the downlink clients. With this method, the gain from FD processing can be achieved much efficiently. Design guideline is given and reduced-complexity implementation for use with a large number of antennas at the AP is also derived. Furthermore, in some circumstances, notable residual self-interference (SI) exists at the AP due to the imperfection of SI cancellation during the FD operation. This may enlarge the interference observed by the downlink clients. We provide new ways, i.e., two MU-SI-IC2 approaches, to deal with this case based on the possible knowledge of SI as well. As a result, both the SI-induced interference and ICI are effectively eliminated, and the overall throughput can still be benefited from FD and kept at a high level. The simulation results show that in terms of the network SE, our proposed MU-IC2 and MU-SI-IC2 can significantly outperform some baseline schemes and the state-of-the-art active ICI mitigation methods in various scenarios.
I. INTRODUCTION
Recent studies indicate the feasibility of in-band full duplex (FD) radios for wireless communications, in which a wireless node can transmit and receive simultaneously on the same frequency [1] - [5] . In virtue of the advances in self-interference (SI) cancellation techniques, without consuming additional resources, FD radios have the potential to double the spectral efficiency (SE) as compared with traditional half-duplex (HD) communications. Due to this substantial gain in performance, various FD usages are widely considered to be the promising candidates for boosting the throughput performance in future wireless communication standards such as the 5th/6th generation (5G/6G) and WiFi systems [6] - [12] . In addition, various advanced mixtures of FD and other new techniques were examined in the literature. To name a few, wireless power [13] , [14] , relaying [15] - [18] , non-orthogonal multiple access (NOMA) [19] , [20] , deviceto-device (D2D) communications [21] , [22] , millimeter Wave (mmWave) [23] , [24] and small cell [25] - [28] , etc., can be combined with FD to further enhance the system performance.
As mentioned, a sophisticated SI cancellation scheme is the key to the success of FD radios. Conventionally, SI can be handled in the analog/radio-frequency (RF) domain [29] , [30] , in the digital domain [31] - [36] , in both domains [37] , [38] , or can be treated passively through (directional) antenna separation [39] , [40] . Both theoretical and experimental results demonstrate that using a suitable combination of the above-stated methods can let the SI be suppressed more than 100 dB or even below the noise level. Interested readers may refer to [41] - [45] for a more comprehensive survey. However, due to the additional cost and complexity of implementing the FD package, when applying it to real usages, FD radios are first considered to be used in the access point (AP) of a network. This approach has the advantage that the clients can keep using the relatively low-cost HD equipment while achieving the SE gain from FD [46] , [47] . In this network paradigm, nevertheless, the inter-client interference (ICI), wherein the downlink clients are interfered by the uplink clients, exists and becomes an important factor limiting the potential SE gain. In the literature, various approaches are utilized to deal with this issue, and mainly fall into the following three categories:
• The first one is based on the modification of the medium access control (MAC) layer at the AP. For example, in [48] - [53] , different user pairing/grouping/access control schemes were introduced to smartly choose the pair(s) of uplink and downlink clients for the AP to perform FD. Sometimes, fairness problem was also considered. All these usually induce less ICI during the signal transmission and reception.
• The second one is to use physical (PHY) layer techniques to suppress the resultant ICI. For this case, Han et al. [54] , Kim et al. [55] , and Nguyen et al. [56] proposed to apply beamforming to fulfill this task, mainly performed at the client sides. In addition, different interference coordination and alignment schemes were also used to avoid the ICI effect [57] , [58] .
Note that these methods all require additional hardware equipped for the clients.
• The third one is to use mode switching between FD and HD to lessen the effect of ICI during the network operation [59] - [61] . That is, FD is used only when the predicted ICI is below a certain level. Last but not least, some combinations of the above-mentioned approaches were examined to deal with the ICI as well, which hopefully achieve a better ICI cancellation capability [62] .
In this paper, we address the ICI cancellation problem in which the AP is capable of FD communications and multiple clients only perform HD signal transmission or reception. New PHY-layer processing schemes will be proposed. As stated, most existing PHY-layer methods require the clients to be equipped with additional hardware and to perform extra computation, e.g., multiple antennas with beamforming capability, to avoid/cancel the ICI exclusively, and it may not be always possible or even affordable. To overcome this problem, we propose some new ways which relax the rigorous requirement at the clients. This also means the upgrade is transparent to the clients in the network, and some clients may even not notice about the existence of FD. Only the AP upgrade is needed to let the whole multiuser network enjoy the FD benefits. It is more practical in terms of the operational point of view. Moreover, there is no conflict between the proposed schemes and most client-side PHY-layer and MAC-layer methods to deal with such ICI-reduction problem. This indicates further enhancement is possible. To be more specific, as inspired by Bharadia and Katti [63] and Hsu et al. [64] , new active interference cancellation schemes performed at the FD AP will be introduced. In [63] , a prototype named FastForward was built for the FD relay network. It was shown that under common WiFi and long-term evolution (LTE) settings, the properly-designed FD relay can immediately forward the processed received signal to the destination within the same orthogonal frequency division multiplexing (OFDM) symbol. That is, for an FD device, the delay between receiving and transmitting the same OFDM symbol possibly after some processing can fall into the cyclic prefix (CP) only, and thus the forwarding action can be said to be near-immediate. Based on this interesting and important demonstration, Hsu et al. [64] introduced an active ICI cancellation method operated at the AP for a single pair of uplink and downlink clients. In that work, the feasibility of this kind of near-immediate forwarding in FD radios was verified again. The so-called ICI cancellation (IC2) lets the FD AP quickly process the received uplink signal and leverage its FD capability to immediately forward the processed signal so as to suppress the ICI observed by a downlink client. The detailed operation of near-immediate forwarding, including the realization of the frequency-domain filtering in the time domain using digital pre-filter and analog delay filter, was shown in [64] as well. Although IC2 achieves a significant throughput gain over conventional HD networks, it can only be applied to the AP serving a single pair of uplink and downlink clients. Here, we are the first to extend the idea of near-immediate forwarding in active interference cancellation operated at the FD AP to the general multiuser network. That is to say, the AP can serve more than one pair of uplink and downlink clients at the same time, and more sophisticated methods for interference cancellation will be examined under different settings. Specifically, in the first part of this work, we consider the scenario in which the SI is well restrained to the noise level, and thus the focus of interference cancellation is to suppress the ICI induced among multiple uplink and downlink clients. For this case, if the negative effects caused by the ICI is not handled properly, the performance will be degraded significantly. To overcome this kind of ICI, we propose a comprehensive method, namely, multiuser inter-client interference cancellation (MU-IC2), to null the ICI among multiple clients. Moreover, we extend the method for use with a large number of antennas at the AP and propose a reduced-complexity implementation for MU-IC2. We also discuss the power-control issue when employing MU-IC2 in the network. In the second part, we consider the scenario in which the SI is not well treated, and cannot be ignored during the network operation. This possibly enlarges the interference observed by the downlink clients. We propose new ways to deal with this case, namely, multiuser self-interference and inter-client interference cancellation (MU-SI-IC2). Based on the possible knowledge of SI, we formulate different optimization problems to let the AP actively lessen both the SI-induced interference and ICI effect together. Finally, simulation results show that in terms of the network SE, our proposed MU-IC2 and MU-SI-IC2 can significantly outperform some baseline schemes and the state-of-the-art active ICI mitigation methods in various scenarios. The contributions of this work can be summarized as follows.
• First, the proposed active interference-cancellation schemes are effective to suppress ICI in FD multiuser VOLUME 7, 2019 networks. Results show that our approaches can achieve much of the gain from the FD operation over a wide range of environment settings.
• Second, reduced-complexity design is provided for a better compromise between the SE performance and the required computation load when the number of antennas at the AP is large.
• Third, residual SI may enlarge the interference observed by the downlink clients. New designs are provided to reduce ICI as well as the SI-induced interference, and the benefits from FD can then be mostly kept. To our best knowledge, PHY-layer solution to this issue is not examined before. The rest of the paper is organized as follows: Section II describes the system model. Section III is our proposed MU-IC2 method to cope with the ICI only. The idea of MU-SI-IC2 is presented in Section IV for the cancellation of both the SI-induced interference and ICI in the network. Section V shows the simulation results and Section VI concludes this work.
Notation: I m denotes an m × m identity matrix; E[·] is to calculate the statistical expectation; · is the Frobenius norm/L2 norm of the included matrix/vector; tr [·] is the trace of a matrix; (·) † is to perform the pseudo inverse; vec(·) is the vectorized operator; vec −1 (·) is the inverse of the vectorized operator; ⊗ denotes the Kronecker product.
II. SYSTEM MODEL
We consider a wireless network with a 2N -antenna FD AP (N for uplink signal reception and N for downlink signal transmission), K 1 single-antenna clients performing uplink communications and K 2 single-antenna clients performing downlink communications, as shown in Fig. 1 , where N , K 1 and K 2 are all positive integers with K 1 ≤ N and K 2 ≤ N . Typically, OFDM is utilized to mitigate the frequency-selective fading encountered during the wireless transmission, and hence each subcarrier experiences the more easily-treated flat fading. To not complicate the notation used, the subcarrier indices are all omitted in the following derivation, but it is understood that the transmitted symbols and channel effects in the signal model derived below are for the signal transmission/reception of each subcarrier. We use h nk 1 (n = 1, 2, · · · , N and k 1 = 1, 2, · · · , K 1 ) to represent the flat-fading channel response in the uplink, which is generated by independently and identically distributed (i.i.d.) complex Gaussian random variables CN (0, σ 2 h ). The channel matrix for the uplink clients can then be written as
The data symbols sent by the uplink clients are collected into a
where each element is independently drawn from a finite set of constellation points in modulation with unit power. Suppose that P u is a K 1 × K 1 diagonal matrix with P u (1), P u (2), · · · , P u (K 1 ) being the diagonal elements, which specify the power allocated to the corresponding transmitted data symbols. The equivalent baseband signals obtained by the antennas at the AP yield another N ×1 complex-valued vectors r u = [r 1 r 2 · · · r N ] T , which can be expressed as
where i si denotes the residual SI after suppression, n u summarizes the noise observed by the AP, and β ≥ 0 is a scaling factor that characterizes the SI level at the AP. Both i si and n u are N ×1 complex-valued vectors with each element independently generated by CN (0, σ 2 si ) and
used to model the channel response in the downlink with similar settings. The channel matrix for the downlink clients becomes
Let
T be the data symbols to be transmitted to the downlink clients, and P d be the K 2 × K 2 diagonal matrix specifying the downlink transmit power for these data symbols. The AP performs zero-forcing precoding on the signal vector s d . Also note that the received signals at those downlink clients, however, are interfered by the signals sent from the uplink clients where the interference channel is
which is also a flat-fading complex Gaussian channel matrix with g k 2 k 1 denoting the channel coefficient that the k 2 th downlink client is interfered by the k 1 th uplink client. Thus, the received signals for the downlink clients can be written as a
where C is the N × K 2 zero-forcing precoding matrix such that H d C = I K 2 , n d is the corresponding noise vector, and α ≥ 0 is another scaling factor that characterizes the interference level from the uplink clients to the downlink clients. The second term at the right side of (5) is the so-called ICI observed by the downlink clients. Finally, due to the use of zero-forcing precoding, (5) can be simplified to
In the next two sections, we will derive and discuss various interference cancellation approaches to enhance the signal quality under different environments, and thus the total network SE can be substantially increased.
III. PROPOSED MULTIUSER INTER-CLIENT INTERFERENCE CANCELLATION (MU-IC2)
In this section, we first consider the circumstance that SI is well suppressed to the noise level, and therefore the main impairment is the ICI from multiple uplink clients to multiple downlink clients. A special interference cancellation technique named MU-IC2 is proposed, which is actively performed at the AP to suppress the ICI seen by all downlink clients. Detailed operations and the related issues are examined as follows.
A. ICI NULLING
To lessen the ICI from the uplink clients to the downlink clients, we let the AP forward a modified version of its received signal from the uplink clients immediately to the downlink clients. 1 Specifically, the received signals are scaled by an N × N matrix V, i.e.,
before forwarding such that the forwarded signal can hopefully eliminate the ICI observed by the downlink clients. These nulling weights are thought to be employed in the frequency domain for each subcarrier. Therefore, intuitively, we need to wait for the reception of the whole OFDM symbol in the time domain before performing the proposed weighting. Thanks to the development in [63] and [64] , this weighting (or at least an approximated version of this weighting) can be finished in the time domain directly and instantly. This also lets the idea of near-immediate forwarding possible and realizable. In this way, the received signal at the downlink clients in (6) is changed to be
where
is the additional SI-plusnoise effect seen by the downlink clients. According to (8) , in order to completely remove the ICI for the downlink clients, we need to find proper coefficients in V that satisfies the following expression
In Appendix A, we show that this nulling matrix V can be calculated to be
1 As stated, the feasibility of this kind of near-immediate forwarding action was theoretically and experimentally proved in [63] and [64] .
which becomes the solution to (9) . When immediately forwarding the nulling signal Vr u , the AP is able to completely eliminate the ICI from the uplink clients to the downlink clients. This essentially lets the computation load mainly remain at the AP, and allows each downlink client to use the standard decoder to extract the corresponding data symbol in s d . This approach is named MU-IC2 in the following.
B. POWER CONSTRAINT AND NETWORK SE
With the use of this proposed MU-IC2, one more thing to note about is that the AP has to allocate its limited transmitted power not only to the downlink signal transmission but also to the nulling signal Vr u . For this case, we need to ensure that the power for the part of downlink signal must be positive, and the power for the sum of of the downlink signal and the nulling signal cannot be greater than the maximum transmitted power of the AP at the same time. To analyze the use of power in this scenario, we set the maximum power for transmission to be P max . Then, the total power constraint at the AP can be written as
To be fair to each downlink client, we let each downlink stream have the same amount of power for the corresponding transmission, i.e.,
With C and V determined as described previously, P d can be evaluated accordingly. If we cannot find all P d (k 2 ) ≥ 0 that satisfies (11), AP will turn back to the HD mode to serve all uplink and downlink clients. For performance evaluation, the signal-to-interferenceplus-noise ratio (SINR) of the k 1 th uplink client after performing the matched filter can be expressed as
where H u (:, k 1 ) denotes the k 1 th column of H u in (1). On the other hand, the SINR of the k 2 th downlink client after the cancellation of ICI by the nulling signal Vr u is written as
where H d (k 2 , :) denotes the k 2 th row of H d in (3) and n(k 2 ) denotes the k 2 th element in n . From (12) and (13), the overall SE of the considered FD multiuser network becomes
which can be served as the performance measure of various transmission approaches and interference cancellation methods.
C. REDUCED-COMPLEXITY IMPLEMENTATION FOR AP WITH A LARGE NUMBER OF ANTENNAS
Growing evidence shows that a large number of antennas can be fitted into the medium-sized communication equipment [65] , [66] . It is then straightforward to consider employing a large number of antennas at the AP to boost the performance in the considered environment. However, the computational complexity for signal processing is often unacceptably high, especially for the near-immediate forwarding action. For instance, the computation load of obtaining the nulling matrix V increases as N , K 1 and K 2 become large.
To be more specific, in (10), we see that the major bottleneck of implementation is the calculation of both ( 
To simplify the discussion of the overall computation load, we let K 1 = K 2 = K . It is not difficult to see that the computational complexity of the direct calculation for obtaining V given in (10) is approximately KN 2 +5K 2 N +2K 3 , and that of the reduced-complexity one derived above is approximately KN 2 + K 2 N + 4KN + 2K . For instance, when N = 32 and K = 4, the overall saving in the computation is over 24%, and when N = 64 and K = 8, the saving is over 28%. 2 This lowers the computation load as compared with the original calculation method, and gives a good compromise between the SE performance and the required computation.
IV. PROPOSED MULTIUSER SELF-INTERFERENCE AND INTER-CLIENT INTERFERENCE CANCELLATION (MU-SI-IC2)
From the previous derivation, we obtain a closed form solution for the nulling matrix, as shown in (10) , to mitigate the induced ICI observed by the downlink clients solely. However, in some scenarios, the overall noise effect n in (8) may also be significant due to the imperfect SI cancellation. Here, thanks to the near-immediate forwarding capability explained previously as well, we propose two new ways to reduce both ICI and the interference due to the non-negligible SI in the null-weighting operation as follows.
A. SI IS PERFECTLY KNOWN AT THE AP
As stated, since the SI may not be suitably treated and is not negligible, it cannot be ignored in the design of the nulling weights for pursuing the high-throughput performance. To deal with this case, recall that n = H d V( √ β i si + n u ). If the structure of i si can be perfectly estimated or exactly known by the AP, we are able to reduce it from n together with the constraint in (9). This approach is named ''Ideal'' MU-SI-IC2 (MU-SI-IC2-I) in the following. Here, we take the expected value for the squared-norm of n as our object function to be minimized, which can be written as min E (n ) H n . In order to make this problem be solved more easily, the operator vec(·) is employed to stack the columns of the included matrix on top of one another. In other words, we use vec(·) to express the content in n and vectorize the constraint in (9) as
and vec
respectively, where ⊗ denotes the Kronecker product. To simplify (15) and (16), we also let
Since the setting of the matrix R is similar to a correlation matrix, we may directly expand and simplify it as
Hence, the optimization problem in this situation can be reformulated to be
That is, the power of n is minimized subject to the constraint that ICI is forced to be zero. This constrained optimization problem can be solved via the Lagrangian method, and the derivation is given in Appendix B. Accordingly, the optimal solution for the nulling vector can be written as
To let (24) return to its original form, we use the operator vec −1 (·) to transform the vector back to the matrix. Then, the nulling matrix in this scenario is represented by
Although it is understood that the assumption of perfect SI knowledge may be too strong in general, this approach is still worth to be developed and examined, and this result can be served as a benchmark of this kind of approaches. In addition, with the assumption of the known SI structure, the calculation of the SINR for both the uplink and downlink clients should be modified to be
and (27) in which the denominator of (27) can be expressed as that in (28) , as shown at the bottom of this page. Then, the network SE can be computed based on these new SINR expressions.
B. ONLY THE POWER OF SI IS KNOWN AT THE AP
Generally speaking, the knowledge of SI cannot be obtained exactly and immediately. Thus, MU-SI-IC2-I may be too ideal to be realized in the real environment. Instead, if the residual power level of the SI is known, we can still lessen the influence of SI by the nulling signal through the following tuning. Another method called ''Practical'' MU-SI-IC2 (MU-SI-IC2-P) is proposed, in which the norm of H d V should be minimized correspondingly. Together with the equation in (9), a new optimization is formulated as
which gives a nice balance between the ICI and the interference in the nulling operation due to the residual SI. To let (29) be solved more easily, it is rewritten to be
Then, we set the derivative of (32) with respect to V to zero and obtain
After some calculation, the optimal nulling matrix V opt for this case can be found to be
Through using the solution in (34), ICI as well as the interference due to the non-negligible SI in the nulling operation can be suppressed properly. Last but not least, note that the pseudo inverse of H d is involved in the calculation in (34) . We may apply the diagonal approximation mentioned in Section III.C as well to reduce the required computational complexity.
V. PERFORMANCE
Simulations are carried out to evaluate the performance of MU-IC2 and MU-SI-IC2 for interference cancellation under various settings in the multiuser network. Besides the proposed methods, some baseline and related approaches are also included for comparison, which include
• HD: The AP performs either uplink or downlink transmission only at a time.
• IC2: FD is partly enabled and the AP randomly selects only one uplink client and one downlink client for active ICI cancellation [64] .
• Greedy FD/HD: Pairing is performed based on the values of ICI among the clients in a greedy way. The uplink/downlink client pair with the smallest ICI is first grouped to perform FD. This kind of pairing continues until all uplink/downlink clients are grouped. HD is then used among all pairs of clients.
• Basic FD: FD is always performed at the AP without applying any ICI-reduction techniques. In the simulations, half of the total clients in the FD mode perform uplink signal transmission and the other half perform downlink signal reception simultaneously. The clients in the HD mode are randomly selected for either uplink or downlink communications. To simplify the discussion and to depict our simulation results more clearly, the performance evaluation is divided into two parts: the first one is that the SI at the AP is well treated and regarded as the noise only (from Fig. 2 to Fig. 5) , and the second one is that non-negligible SI exists and is required to be handled as well for better SE performance (from Fig. 6 to Fig. 10 ). For this case, the SI is randomly generated according to the complex Gaussian Table 1 summarizes some necessary parameters used in the simulations for easy reference. 
A. SCENARIO 1: WITHOUT SIGNIFICANT SI
First of all, in the scenario of negligible SI, Fig. 2 shows the total network SE of MU-IC2, IC2, Greedy FD/HD, basic FD, and HD for both uplink and downlink communications versus the scaling factor α used in (5), which controls the severity of the ICI for the downlink clients. Intuitively, the larger the factor α is, the more serious the ICI effect becomes. In this figure, the number of Tx/Rx antennas at the AP equals 8, while the number of total clients is 2 for HD, and 4 for all FD-related approaches, respectively. Note that since there is no ICI for the HD mode, the total SE of it does not vary with α and remains constant all the way in Fig. 2 . For those methods with FD, when α is 0, no ICI is induced and the performance is limited only by the noise (and a negligible amount of SI) recorded at the receiver sides. Thus, they own the same total SE. However, as α increases, the SE of IC2, greedy FD/HD and basic FD drops dramatically while that of MU-IC2 does not. For example, when α = 0.2, MU-IC2 accomplishes a gain of SE approximately 1.71 times VOLUME 7, 2019 FIGURE 10. SE of different schemes with a large number of Tx/Rx antennas at the AP with non-negligible SI. over HD, and greedy FD/HD, IC2 and basic FD achieves only 1.24, 1.22 and 1.08 times over HD, respectively, with the same setting. When α is larger than 0.3, the total SE of basic FD is even lower than that of HD. This also indicates if the interference issue is not suitably treated, FD will not provide any gain and will perform even worse than the conventional HD. Moreover, when α is larger than 0.45, the total SE of IC2 becomes almost the same as that of HD. We see that MU-IC2 outperforms greedy FD/HD significantly in the region of small to medium values of α, and gives an SE much higher than that of HD most of the time. All these show MU-IC2 can effectively mitigate the ICI and can provide desirable performance in the considered scenario.
Next, Fig. 3 illustrates the total SE of the five schemes examined in Fig. 2 versus the total number of clients in the network with 16 Tx/Rx antennas at the AP and α being 0.2. It is intuitively true that the SE of all approaches goes up as the total number of clients increases whenever the interference is suitably mitigated. When there are 4 clients in the network, the SE of both MU-IC2 and greedy FD/HD is about 1.69 times that of HD, and the SE of IC2 is only 1.24 times that of HD. However, as the number of clients increases, we see that the curves of both greedy FD/HD and IC2 converge to that of HD. That is, the two approaches cannot deal with the large amount of ICI, and it leads to imperceptible performance as compared with HD. In fact, the SE of MU-IC2 does not rise as sharply as that of HD does. This is because more clients in the FD mode implies more ICI, and this unavoidably has a negative effect to the resultant SE. In this circumstance, MU-IC2 has to utilize much more power to deliver the nulling signal to eliminate the ICI. Consequently, the power for the transmission of the actual downlink signal decreases, which diminishes its improvement. For the extreme case of 16 clients in the network, the SE of MU-IC2 is only 1.02 times that of HD. Due to the large amount of power for the nulling signal, MU-IC2 mostly stays in the HD mode to address the uplink and dowlink streams separately. Thus, MU-IC2 performs almost the same as HD. For basic FD, as the total number of clients increases, we observe that the resultant SE can be much lower than that of HD. That is to say again, if the ICI is not well suppressed, the performance of FD may be even worse than that of HD. To gain much insight into the behavior of the proposed nulling operation, we also plot the norm of V versus α for MU-IC2 and IC2 in Fig. 4 . As the value of α increases, the value of V increases in general. That is, more power should be allocated to the nulling signal to deal with the enlarged ICI effect. When the number of clients is 8, the norm of V in the proposed MU-IC2 rises significantly as α increases. For the extreme case that the ICI becomes too large, MU-IC2 will switch to the HD mode to avoid all the power used for nulling the ICI and no power used for the downlink signal transmission. For this case, MU-IC2 will perform much similar to HD.
After that, we examine the performance of the proposed diagonal approximation for MU-IC2, namely, MU-IC2-D, with a large number of antennas at the AP. The total SE of both MU-IC2 and MU-IC2-D versus the total number of Tx/Rx antennas in the network is illustrated in Fig. 5 . We observe that the SE can continuously increase due to the use of more antennas. Importantly, for the case of 4 clients in the network, the difference between MU-IC2 and its simplified version MU-IC2-D is quite small all the way. This shows the usefulness of the reduced-complexity diagonal approximation for a moderate number of clients. For example, when N equals 32 and the number of clients equals 4, the SE degradation is only 11.6%. For the case of 8 clients in the network, the SE of MU-IC2-D degrades much as compared with MU-IC2. Nevertheless, as the number of antennas at the AP becomes large, the difference between them tends to be lessened again. For instance, we see that when N is 16, the degradation of SE from MU-IC2 to MU-IC2-D is about 40%. When N is 64, the degradation reduces to about 20%. Therefore, we can conclude that MU-IC2-D can give a good compromise between the SE and the required implementation complexity, even a large number of Tx/Rx antennas is installed at the AP.
B. SCENARIO 2: WITH NON-NEGLIGIBLE SI
In the second part of the simulations, the scenario is changed to that non-negligible SI exists and cannot be ignored. First, Fig. 6 is the total network SE of MU-SI-IC2-I, MU-SI-IC2-P, MU-IC2, IC2, basic FD, greedy FD/HD, and HD for both uplink and downlink communications versus α. The other scaling factor β used in (2) , which represents the severity of the residual SI, is set to be 0.5. That is, the SI effect is large and cannot be overlooked. In this figure, the number of Tx/Rx antennas at the AP equals 8, and the number of total clients is 4 for all FD schemes and 2 for HD. When α is 0, no ICI is induced and the performance of all FD schemes is limited only by the residual SI and noise recorded at the AP. Thus, they own the same total SE. However, as α increases, the SE of IC2, basic FD and greedy FD/HD drops quite dramatically and converges to that of HD (IC2 and greedy FD/HD) or lowers than that of HD (basic FD) when α equals 0.2 or even less. Note that MU-IC2 converges to HD later as well when α is greater than 0.6. Importantly, since MU-SI-IC2-I and MU-SI-IC2-P mitigate the non-negligible SI in n , both of them can outperform HD even when α = 1, and have gains 1.41 times and 1.27 times over HD, respectively. As a result, in spite of the strong ICI and the interference due to the existence of SI, MU-SI-IC2-I and MU-SI-IC2-P can still effectively reduce these negative effects and provide desirable performance in this scenario.
Next, Fig. 7 illustrates the total SE of the seven schemes versus the total number of clients in the network with 16 Tx/Rx antennas at the AP, and both α and β being 0.2. We find that the difference among those FD-related methods except basic FD is not large when there are only 2 clients in the network. The reason is that there is only a small amount of ICI in the network for degrading the performance. Greedy FD/HD performs basically the same as HD for this case. When the total number of clients is 4, MU-SI-IC2-I, MU-SI-IC2-P, MU-IC2 and IC2 have SE gains 1.70 times, 1.64 times, 1.41 times and 1.11 times over HD, respectively. It is also encouraging that the SE of both MU-SI-IC2-I and MU-SI-IC2-P keeps going up with the increasing number of clients, while the SE of MU-IC2 and IC2 converges to HD eventually. For the case of 8 clients, MU-SI-IC2-I and MU-SI-IC2-P have SE gains 1.47 times and 1.38 times more than the other three schemes, respectively. This is because all interference is suitably canceled. With the small difference between MU-SI-IC2-I and MU-SI-IC2-P, MU-SI-IC2-P seems to be a very good suboptimal solution for dealing with both the ICI and the SI-induced interference in the nulling operation in the multiuser network.
In addition, Fig. 8 is the total SE of the seven schemes versus the number of Tx/Rx antennas at the AP with 8 clients in the network, α = 0.2 and β = 0.2. Again, the SE of all methods goes up as N increases because of the increase of degrees of freedom. However, it is obvious that the curves of MU-IC2, IC2, greedy FD/HD and HD overlap under this setting. The reason is that these three FD schemes do not mitigate the non-negligible SI, which becomes the bottleneck limiting the performance. On the other hand, when there are 8 Tx/Rx antennas at the AP, the SE of MU-SI-IC2-I and MU-SI-IC2-P are 1.23 times and 1.15 times over that of HD, respectively, since these two methods take the SI into account during the optimization. If we double the number of antennas at the AP to 16, both MU-SI-IC2-I and MU-SI-IC2-P will perform even much better. MU-SI-IC2-I owns 1.47 times SE higher than HD, and MU-SI-IC2-P owns 1.38 times SE over HD. Fig. 9 shows the total SE of all these methods versus β with α = 0.2. As the value of β increases, all the curves of FD schemes go downwards since the high SI power level has a negative effect on the SE. IC2 converges to HD when α exceeds 0.5. Greedy FD/HD converges to HD when α exceeds 0.15. Basic FD performs even worse than HD when α exceeds 0.3. For the extreme case that β equals 1, the SE of MU-IC2 becomes quite close to that of HD as well; however, the SE of MU-SI-IC2-I and MU-SI-IC2-P does not drop as sharply as that of MU-IC2 and IC2 does. They still provide 1.64 times and 1.50 times SE higher than that of HD.
Finally, Fig. 10 depicts the circumstance that a large number of Tx/Rx antennas are installed at the AP to perform FD with the original MU-IC2, MU-IC2-D, MU-SI-IC2-I, MU-SI-IC2-P and the ''Diagonal'' approximation version of MU-SI-IC2-P (MU-SI-IC2-PD). With an increasing N , it is undoubtedly that the network SE will continuously rise, and MU-SI-IC2-I has the best performance among them despite the fact that it may not be realistic in practice. Essentially, MU-SI-IC2-P and the related MU-SI-IC2-PD perform only slightly worse than MU-SI-IC2-I. Taking the complexity issue into account, MU-SI-IC2-PD is surely the most attractive approach having a good compromise between the resultant SE and required computational complexity in the scenario of a large number of antennas at the AP.
VI. CONCLUSIONS
In this paper, we considered the interference cancellation problem in the network with an FD AP serving multiple uplink and downlink HD clients. Unlike most existing interference-avoidance approaches, the proposed methods let the AP actively mitigate the ICI as well as the interference induced by the non-negligible SI, which is transparent to the operation of the uplink and downlink clients. This not only suits the case of most networks today in which the clients are computation-power limited and equipped only with a single antenna, but also saves the cost of upgrading the equipment at the client sides. Specifically, in the first considered scenario, in which SI had already been suppressed to the noise level, MU-IC2 was proposed to completely eliminate the ICI from multiple uplink clients to multiple downlink clients. The second scenario was that residual SI was non-negligible. MU-SI-IC2-I, MU-SI-IC2-P, and MU-SI-IC2-PD were proposed to mitigate both the ICI and the interference from the nulling operation due to the non-negligible SI simultaneously. Simulation results confirmed that all proposed approaches can successfully provide better SE performance than existing methods under various settings. To further enhance the network SE, more sophisticated techniques such as NOMA and advanced relaying protocols can be considered for this kind of FD multiuser networks. However, the interference may become more severe and should be carefully treated. This is surely interesting and can be served as the direction of future research.
APPENDIX A DERIVATION OF V IN (10) FOR MU-IC2

